Membrane Modulation of KcsA Structural Dynamics and Ion Channel Function  by Davis, Ryan W. et al.
98a Sunday, March 6, 2011Channel Regulation & Modulation I
527-Pos Board B327
Regulation of Kv1.3 Channels by a Matrix Metalloproteinase
Hai M. Nguyen.
Matrix metalloproteinase 23 (MMP23) contains a functional Kþ channel-
blocking toxin domain (TxD) with structural similarity to the sea anemone
toxins BgK and ShK (J. Biol. Chem. 2010.285:9124-9136). MMP23 co-local-
izes with and traps TxD-sensitive Kv1.3 channels intracellularly without af-
fecting TxD-resistant Kv1.2 channels (J. Biol. Chem. 2010.285:9124-9136).
Here we use C-terminal deletion analysis to define the segments of MMP23
required for regulation of human Kv1.3. Confocal microscopy showed that
eGFP-Kv1.3 co-localized with dsRed-tagged MMP23 and with three deletion
constructs of MMP23 (lack the IgCAM domain, IgCAM þ TxD, IgCAM þ
TxDþ Catalytic Domain), but not with dsRed (vector control), in COS-7 cells.
Patch-clamp experiments revealed suppression of Kv1.3 currents by full-length
dsRed-MMP23 and by the deletion construct lacking all three external domains
(IgCAMþTxDþCatalytic domain), but not by dsRed. These results indicate
that the N-terminal segment of MMP23 (stretching from the N-terminus,
through the single transmembrane segment, and ending at the external furin-
cleavage site) is sufficient for both current suppression and co-localization
with Kv1.3 channels. Western blot analysis demonstrated cleavage of external
loops of Kv1.3 by full-length MMP23. Thus, MMP23’s N-terminal segment
associates with and retains Kv1.3 intracellularly, while the TxD binds to the
channel pore and positions the catalytic domain to cleave external loops of
Kv1.3.
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Differential Influence of DOPG and DOPA Anionic Phospholipids on
Single Channel Conductance of KcsA
Alexander Prokofyev, Vitya Vardanyan, Olaf Pongs.
Binding of anionic phospholipids to non-annular binding site of KcsA has been
shown with crystallographic and biochemical methods. To gain insight into the
functional importance of these specific protein-lipid interactions we studied the
single channel properties of KcsA in planar lipid bilayer by varying the anionic
phospholipid content of the membrane. Phospholipids with identical acyl
chains and equivalent headgroup charges have been chosen for this purpose.
Single channel properties of KcsA were unchanged, when the content of an-
ionic phospholipids was kept below 30% in planar lipid bilayers formed
from DOPC neutral phospholipid as remainder component. Upon gradual
increase of membrane DOPG content up to 100%, a significant increase in
single channel conductance was observed only at positive potentials (from
82,251,4 pS to 116,350,7 pS at þ100mV in symmetrical 150 mM KCl
solution). Surprisingly, equimolar increase of DOPA content of the membrane
had no influence on single channel conductance of KscA. Differential influence
of DOPG and DOPA phospholipids was preserved at varying Kþ concentra-
tions of recording solutions ranging from 50 to 250 mM. Using KcsA-Kv1.3
chimera we could show that the stretch of amino acids between E51 and
A65 in KcsA was responsible for differential sensitivity of KcsA for DOPA
and DOPG. Taken together, our data show that the structure of the phospholipid
headgroup is important for phospholipid-specific modulation of single channel
conductance in KcsA.
529-Pos Board B329
Dual Regulation of Kv1.2 Activation by PIP2
Aldo A. Rodriguez-Menchaca, Scott K. Adney, Diomedes E. Logothetis.
Phosphatidylinositol (4,5)-bisphosphate is now recognized as a ubiquitous reg-
ulator of ion channels and transporters. We report here that PIP2 regulates ac-
tivation of Kv1.2, a Shaker family voltage-gated potassium channel. In inside-
out macropatches of Xenopus laevis oocytes, loss of PIP2 induced a leftward
shift in the voltage-dependence of activation and a reduction in maximal cur-
rent, which could be restored by exogenous PIP2 application. These findings
were reproduced using the voltage-dependent lipid phosphatase Ci-VSP, which
preferentially dephosphorylates PI(4,5)P2 to PI(4)P when activated by depolar-
ization. The dual effect of PIP2 on the voltage-dependence of activation and
current level exhibited distinct kinetics. The time course of PIP2 depletion
(e.g. during rundown of activity) or recovery (e.g. upon re-phosphorylation
of PI(4)P) indicated that the effect on the voltage-dependent shift proceeded
with faster kinetics than the current level. Furthermore, high concentrations
of diC8-PIP2, a soluble analog of PIP2, partially restored the shift in the voltage
dependence of activation caused by PIP2 antibody but failed to do the same for
the current level. Taken together, the two effects of PIP2 on the voltage-depen-
dence of activation and the current level of Kv1.2 channels proceeded with dis-
tinct kinetics and sensitivity to PIP2, suggesting distinct underlying molecular
determinants.530-Pos Board B330
The Cytoplasmic N-Terminal Domain of DPP6K Disrupts KChiP
Modulation of Kv4 Channels
Henry H. Jerng, Paul J. Pfaffinger.
Kv4 channel modulatory subunits, including the cytoplasmic Kv channel inter-
acting proteins (KChIPs) and transmembrane dipeptidyl peptidase-like proteins
(DPLPs), have variable N-terminal domains that can dramatically influence
Kv4 channel function. These modulatory effects probably underlie the distinc-
tive properties of subthreshold A-type potassium currents (ISA) in different
neuron types. In this study we have characterized unique modulatory effects en-
coded in the N-terminus of DPP6K, a brain DPP6 isoform named for a distinc-
tive N-terminal lysine cluster. In co-expression studies of Kv4.2þKChIP3aþ
DPP6 ternary channel complexes in Xenopus oocytes, DPP6K produces
dramatically slower recovery from inactivation (at 100 mV: t-1 = 84 ms
(58%), t-2 = 324 ms (42%)) when compared to DPP6S (t = 25 ms )or
DPP6a (t = 10 ms). The slower recovery kinetics produced by DPP6K are
accompanied by a hyperpolarizing shift (~ 8 mV) in steady-state inactivation.
To explore the functional determinant for these DPP6K effects, we conducted
deletion analysis and point mutations on the DPP6K N-terminal domain. The
results show that the unique functional effects of DPP6K are not attributable
to the distinctive lysine residues but instead depend on hydrophobic residues
12-16. Alanine scanning of residues 12-16 shows that Met-12 and Val-16 are
the critical residues for these modulatory effects, with substitution of both res-
idues completely eliminating the effects of DPP6K on inactivation. To examine
the mechanism for DPP6K modulation of channel inactivation, we compared
the properties of Kv4.2þKChIP3aþDPP6K to Kv4.2/D2-40þDPP6K. Surpris-
ingly, Kv4.2/D2-40þDPP6K and Kv4.2þKChIP3aþDPP6K channels recover
from inactivation similarly and have similar midpoints of steady-state inactiva-
tion (~ 70 mV), as if DPP6K blocks the normal modulatory effects of
KChIP3a.
531-Pos Board B331
The Two-Pore-Domain Potassium Channels, TASK-1 and TASK-3, regu-
late Pancreatic Beta-Cell Membrane Potential in Response to pH and
Anesthetics
Prasanna Dadi, Louis H. Philipson, David A. Jacobson.
Glucose stimulation of the pancreatic b-cell depolarizes the membrane poten-
tial to allow activation of voltage dependent calcium channels resulting in
action potential (AP) firing, calcium influx, and insulin secretion. Two-pore-do-
main potassium (K2P) channels regulate the membrane potential from where
AP firing occurs in many neurons. However, a role of K2P channels in regulat-
ing the pancreatic b-cell membrane potential is unknown and thus we addressed
expression and function of the TASK K2P channels in the mouse b-cell. We
find that TASK-1 and TASK-3 channels are expressed in mouse b-cells. Fur-
thermore, b-cell TASK-like currents are sensitive to external pH, showing
inhibition with acidic pH and stimulation with alkaline pH. Interestingly, glu-
cose regulates b-cell intracellular pH causing acidic conditions in low glucose
and alkaline conditions in high glucose, which may serve to regulate b-cell
TASK channel activity. Increasing glucose from 2 to 14 mM caused polariza-
tion of the b-cell membrane potential whereas reducing glucose from 14 to
2 mM caused membrane depolarization by 6.1 þ/- 2.2 mV when KATP was in-
hibited with tolbutamide. Similarly extracellular alkalinization (pH 8) resulted
in polarization of the b-cell membrane potential by 9.19 þ/-2.0 mV, whereas
extracellular acidification (pH 6) caused membrane depolarization by
9.84 þ/-2.9 mV. Anesthetic compounds that activate (halothane) or inhibit
(lidocaine) TASK channels were evaluated for their ability to regulate b-cell
membrane potential. Treatment of islets with lidocaine depolarized the b-cell
membrane potential by 6.2 þ/- 1.5 mV and halothane treatment resulted in
b-cell membrane polarization. Both lidocaine and halothane have been shown
to cause perturbations in human glucose homeostasis. Thus, this data implicate
important roles for TASK channels in regulating the b-cell membrane potential,
which may influence anesthetic and pH/glucose induced modulation of insulin
secretion.
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Membrane Modulation of KcsA Structural Dynamics and Ion Channel
Function
Ryan W. Davis, Steven Branda, Carol L. Kozina, Seema Singh,
Edward G. Moczydlowski, Susan L. Rempe.
The chemical environment presented by the lipid bilayer is hypothesized to
have potentially dramatic effects on the structure and function of integral
membrane proteins, especially ion channels. Previously, Valiyaveetil, et al. re-
ported that although a variety of phospholipids provide sufficient structural
stabilization to refold KcsA monomers into the tetrameric quaternary struc-
ture, negatively charged lipids are required to re-establish K-channel
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details of membrane-mediated perturbations of KcsA structure and function,
we performed bulk and single-molecule fluorescence and electrophysiological
assays of reassembled KcsA tetramers in neutrally charged DOPC and nega-
tively charged DOPE/DOPG bilayers. Labeling of KcsA monomers was per-
formed using the G56C KcsA mutant [2] which provides a solvent accessible
reactive thiol for covalent coupling of fluorophores for FRET assays between
neighboring monomers and fluorescently labeled membranes. The results
suggest that structural rearrangement is predicated by KcsA-phospholipid
headgroup binding which excludes non-negative phospholipids at the
cytoplasmic TM2-membrane interface. Additionally, a limited number of in-
ter-monomer structural perturbations are consistent with the data in the
presence of negatively charged phospholipids, including a decrease in the an-
gular relationship of KcsA monomers normal to the bilayer or decreased to-
roidal packing. The results of these assays shed light on the downstream
structural effects of interactions of phospholipid headgroups on transmem-
brane proteins and how these correlate to function in a highly stable, model
potassium channel.
1. FI Valiyaveetil, et al. Biochemistry (2002) 41:10771–10777.
2. M Iwamoto, et al. J. Biol. Chem. (2006) 38:28379–28386.
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Semi Simultaneous Imaging of Ca2þ and Ca2þ Dependent Calmodulin
Interactions by FRET
Mori X. Masayuki, Yuko Imai, Kyohei Itsuki, Ryuji Inoue.
Calcium dynamics and its linked molecular interactions contribute to a variety
of biological responses, thus it is essential to exploit techniques for detecting
both concurrently. Here we describe a new method to image Ca2þ and pro-
tein-protein interaction on semi-simultaneous base through combined applica-
tion of Fura-2 fluorescence imaging and Fluorescence or F[[Unsupported
Character - O¨rster Resonance Energy Transfer (FRET) with genetically en-
coded fluorescence proteins in single living cells. By applying Ca2þ-dependent
corrections for Fura-2 fluorescence superposition on FRET images, we could
semi-simultaneously analyze in vivo Fura-2 and FRET signals with high quan-
titative fidelity.
Furthermore, by producing gradual stepwise increases in [Ca2þ]i in HEK cells,
we could obtain quantitative and synchronous dose-response relationships for
[Ca2þ]i versus protein-protein interaction between Ca
2þ binding protein ‘cal-
modulin’ (CaM) and its binding domain from an enzyme, which were fused
with fluorophores CFP and YFP, respectively. The same approach applied to
voltage-gated Naþ, Ca2þ and TRP channels revealed their distinct sensitivities
to basal Ca2þ through CaM binding.
This semi-simultaneous imaging system could be applicable to the identifica-
tion of Ca2þ-dependent protein interactions with further potential application
to elucidating the interrelations between Ca2þ signals and cellular functions
such as enzyme activities, signal transductions, and membrane protein regula-
tions in various living cells.
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KCNK3 (Task-1) Potassium Leak Channels Internalize in a PKC- and
14-3-3beta-Dependent Manner
Anatoli Lvov, Luke R. Gabriel, Ann R. Rittenhouse, Haley E. Melikian,
William R. Kobertz.
Ion channels encoded by the human KCNK3 gene give rise to the pH-sensi-
tive outwardly rectifier potassium leak current in a variety of cell types,
where they play a decisive role in determination of the hyperpolarized resting
membrane potential, controlling excitability and hastening repolarization.
These tandem-pore domain channels are regulated by various agents and
stimuli, including neurotransmitters, hormones, volatile anesthetics, oxidases
and protein kinases. Several studies have shown that activation of protein
kinase C (PKC) inhibits KCNK3 (Task-1) currents; however, the cellular
mechanism underlying this inhibition has not been elucidated. Using a combi-
nation of electrophysiological, biochemical and imaging approaches, we have
determined that PKC-activation induces KCNK3 channel internalization.
Moreover, we have identified specific residues in the KCNK3 C-terminus
that contribute, but are not solely required, for PKC-mediated internalization.
Since it was previously shown that the interaction with phosphoserine
binding protein 14-3-3beta promotes ER exit of KCNK3, we examined the
role of 14-3-3beta on KCNK3 internalization. Using overexpression and
shRNA knockdown experiments of 14-3-3beta, we show that PKC-dependent
KCNK3 internalization is also crucially dependent on the cellular levels of
14-3-3beta protein. Our results reveal a novel mechanism of KCNK3 current
regulation by channel internalization in a PKC- and 14-3-3beta-dependent
manner.535-Pos Board B335
Fluorinated General Anesthetics Modulate Shaker Potassium Channels
at Clinically Relevant Concentrations
Maria I. Lioudyno, Michael T. Alkire, Yuri Sokolov, George K. Chandy,
James E. Hall.
Recent studies demonstrated that selective intra-thalamic block of the Kv1.2
potassium channels rapidly reverses the unconsciousness of inhalational anes-
thesia (Alkire et al., 2009). Furthermore, intra-thalamic block of Kv1.3 with se-
lective blocker, ShK, reverses the unconsciousness effect of sevoflurane. Both
findings suggestthat Shaker-related potassium channels might be key targets
for anesthetics. We tested this hypothesis using patch clamp recordings
of potassium currents in cell lines stably expressing homomeric human
Shaker family channels. We found that at low voltages, sub-clinical and clinical
doses of sevoflurane irreversibly potentiate potassium current through
Kv1.3>Kv1.2>Kv1.5>Kv1.1. channels, by increasing the peak current ampli-
tude and accelerating the current activation kinetics. At higher voltages, clinical
doses of sevoflurane inhibit Kv1.4>Kv1.5.>Kv1.3 and potentiate
Kv1.2>Kv1.1. Sevoflurane had no effect on lipid bilayer conductance, suggest-
ing direct interaction of the anesthetic with potassium channel subunits. Thus,
Shaker potassium channel modulation may contribute to the clinical effects of
general anesthesia. Supported by the Hillblom Foundation and NIH
1P01AG032131.
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Dynamic Phosphorylation/Dephosphorylation of a Voltage-Gated Kþ
Channel Controls Non- associative Learning
Diego Cotella, Federico Sesti.
The worm C. elegans exhibits habituation_an universally conserved form of
non-associative learning_to repetitive mechanical stimulation. We have previ-
ously described a key player of habituation in C. elegans. This is a Kþ channel-
kinase complex composed of the pore-forming subunit KHT-1 (73% homology
to human Kv3.1), and the accessory subunit MPS-1 (55% homology to
KCNE2), which shows kinase activity. Upon repetitive touching, the Kþ cur-
rent carried by KHT-1 diminishes, as a result of MPS-1-mediated phosphory-
lation. At cellular level this mechanism induces neuronal adaptation, because
the electrical activity of the touch neuron is altered and at behavioral level,
habituation. Here, we characterize a novel player involved in this dynamic pro-
cess, namely, a phosphatase termed ACP-2 which is encoded by the f14e5.4
gene. Genetic, biochemical and electrophysiological evidence show that
KHT-1, MPS-1 and ACP-2 form a stable, ternary complex in vitro and in
vivo and that KHT-1 is de-phosphorylated when ACP-2 is present. Upon repet-
itive stimulation ACP-2 disengages from the complex allowing MPS-1 to phos-
phorylate the channel thus causing habituation. Taken together these data
underscore a new mechanism of dynamic regulation of electrical signaling in
the nervous system.
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Cholesterol Sensitivity of Kir2.1 is Modulated by a Cytosolic Belt:
Implications for Kir Gating
Avia Rosenhouse-Dantsker, Diomedes E. Logothetis, Irena Levitan.
Kir channels are important in setting the resting membrane potential and mod-
ulating membrane excitability. A common feature of Kir2 channels and several
other ion channels that has emerged in recent years is that they are regulated by
cholesterol, a major lipid component of the plasma membrane whose excess is
associated with multiple pathological conditions. Yet, the mechanism by which
cholesterol affects channel function is not clear.
We have recently shown that cholesterol sensitivity of Kir2 channels depends
on several CD-loop residues. Interestingly, the importance of the CD loop to
cholesterol sensitivity extends beyond the Kir2 family: corresponding muta-
tions in the CD loop suppress cholesterol sensitivity of Kir3.4* channels.
Here we show that this cytosolic loop is part of a regulatory site that also in-
cludes residues in the G-loop, the N-terminus, and the linker between the C-ter-
minus and the inner transmembrane helix. Together these residues form
a cytosolic belt that surrounds the pore of the channel close to its interface
with the transmembrane domain, and modulate cholesterol sensitivity of the
channel.
Furthermore, we also show that the motion of residues in this cluster is corre-
lated with movements of the most dynamic residues of the G-loop, the major
cytosolic gate of Kir2.1. In contrast, no significant correlation was found be-
tween the dynamic G-loop residues and residues that were just outside the cy-
tosolic belt. These results suggest that residues of the cytosolic belt are critical
for channel gating and that cholesterol exerts its effects on channel function by
affecting the gating machinery of Kir channels.
